In this paper we present a new method for predicting a set of RNA secondary structures that are thermodynamlcally favored In RNA folding simulations. This method uses a large number of 'simulated energy rules' (SER) generated by perturbing the free energy parameters derived experimentally within the range of the experimental errors. The structure with the lowest free energy is computed for each SER. Structural comparisons are used to avoid multiple generation of similar structures. Computed structures are evaluated using the energy distribution of the lowest free energy structures derived In the simulation. Predicted structures and all possible occurring helical stems can be graphically displayed with their occurring frequencies in the simulation by dot-plot representations. On average, about 90% of phylogenetlc helixes in the known models of tRNA, Group I self-splicing Intron, and Escheiichla coll 16 S rRNA, were predicted using the method.
INTRODUCTION
Secondary structures of RNAs are often predicted by searching for the lowest free energy forms by means of free energy parameters from RNA oligonucleotide duplex models. Although numerous algorithms (1 -10) for minimizing free energies of RNA secondary structures have been developed and these thermodynamic parameters (11 -14) have been improved, the most stable structures obtained often differ from those observed in solution or in crystal form. Also, the prediction of RNA secondary structures depends greatly on the energy rules employed in a dynamic programming algorithm. Different folding forms may be predicted for a given sequence using different sets of rules. Currently available thermodynamic parameters for the prediction of RNA structures were provided by Tinoco and coworkers (18) , Salser (17) , and Turner et al. (14) (15) (16) . For the thermodynamic data of Tinoco and Salser, the parameters of helical stacking regions are thought to have an experimental error of ±0.2 to ±0.5 kcal/mol, while the data for the loops have an estimated uncertainty of ± 1 to ±2 kcal/mol (9) . Similarly, there is less than 10% uncertainty in the free energy of duplex formation for RNAs in the Turner energy rule (14, 15) .
It has been noted that the double-stranded helical structure of RNAs is dynamic. Fluctuations of axial rise per base pair of 2.8-3.0 angstrom, tilt angle of 10-15 degrees, and propeller twist or roll of 5 -10 degrees are expected (19, 20) . As structural fluctuations may occur in the real folding process, it is reasonable to consider that free energies of the formation for RNA secondary structural elements (double-stranded duplexes, hairpin loops, internal loops, bulge loops, and multiple loops) have some perturbation during actual RNA folding.
Furthermore, evidence of alternate structures for RNAs have also been presented by Noller et al.(21) , Quigley et al. (22) , and Dock-Bregeon et al. (23) . We have previously reported that potential alternative structures may participate in the initiation of translation of the left arm of lambda phage (24) . Recently, Zuker (6) and Williams and Tinoco (9) developed two dynamic programming algorithms to generate a set of suboptimal structures close to the lowest free energy using the Turner or Tinoco energy rules. These two methods are useful for searching possible occurring secondary structures. Uncertainty of free energies contributed from RNA folding has not been considered in these dynamic programming algorithms.
We describe a new algorithm that searches a set of possible RNA secondary structures and establishes the energy distribution of the lowest free energy for these structures computed in the simulation. This algorithm involves the simulation of folding rules by perturbing free energy parameters within the range of the experimental errors under a predetermined distribution. Using a dynamic programming algorithm (5) and 'simulated energy rules' (SER), RNA secondary structures with the lowest free energy are generated repeatedly. Each computed structure with the lowest free energy corresponds to a SER. These computed structures are then compared and classified to provide a set of alternative structures.
METHODS

Fluctuation of thermodynamic parameters
Uncertainties of thermodynamic parameters for the formation of RNA duplexes and loops are considered in the algorithm. The distribution of the uncertainty of thermodynamic parameters for the measured enthalpy and entropy changes for helix formation are assumed to fluctuate about their means according to a normal distribution within the range of published experimental errors. In practice, two types of normal distributions are constructed by statistical functions RNNOA, SSCAL and SADD in the IMSL (International Mathematical and Statistical Library (37)). One is applied to the uncertainties of the energy data for base-pairs stacking, where we let 1.96 (or 3.1) sample standard deviation (SD) of the distribution be equal to the 0.10 value of each free energy parameter in the data. The other is for the uncertainties of the energy data from destabilizing contributions of loops. That is, the value of 1.96 (or 3.1) SD of the distribution is equal to 0.8, 1.2 and 1.6 kcal/mol for estimating the error fluctuations in the formation of hairpin, internal, and bulge loops, respectively. Thus, 95% (or 99.9%) of the parameter data in these SER are expected within the estimated experimental errors (9, 14, 15) . The precision of free energy parameters generated in the computation is taken to 0.001 kcal/mol to avoid numerical problems. Usually, 50 to 200 SER based on the Turner energy rule are generated for the simulation of RNA folding.
Evaluation of the predicted RNA secondary structures
For each SER the Zuker and Stiegler algorithm (5) is employed to find the lowest free energy structure in RNA folding. The total number of the computed RNA secondary structures is equal to the number of SER used in the simulation. The computed free energies of these most stable structures give an energy distribution that is used to evaluate the predicted RNA structures. Possible structures are ranked by their probabilities of occurrence in the energy distribution. That is, the smaller the difference between the energy of a structure derived by a SER and the mean free energy calculated from all computed structures in the simulation, the greater the probability of occurrence of the structure in the RNA folding. In the program, seven levels of confidence intervals (i.e. 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, and 1.96 SD energy intervals) are set up. For example, the structure with the lowest free energy (E) predicted from a specified SER is considered as one of the most favorable in the prediction set, if E satisfies the following inequality:
This means that the structure predicted within 0.25 SD level is considered most favorable in the simulation.
Comparison of RNA secondary structures
For purposes of classification, computed RNA secondary structures that have 90% or more identical base pairs between two structures are considered as the same structure and merged into one group. Each group represents a predicted alternative structure. In practice, the alternative structure is denoted by one of these structures in which the free energy of formation is the closest to the mean free energy of this group. After structural comparison, the identical structures or strong resemblances in the prediction set are merged to eliminate those structures with less than 10% different base pairs. Also, the various helical stems occurring in the RNA folding simulation are compiled and their occurring frequencies are calculated. The helical stems found to be thermodynamically favorable from the simulation can be used as a working list that can be refined with additional phylogenetic comparative analysis (25) (26) (27) .
To facilitate structural comparisons, the secondary structure is represented by an ordered, labeled tree (28) . Consensus stems are identified by sorting secondary structures that are represented as trees. The algorithm for sorting these trees is based on the technique of constructing a binary search tree and traversing it in 'inorder' (28, 29) .
The algorithm was written in the Fortran 77 and referred to as EFFOLD in this paper. EFFOLD runs on both a CRAY Y-MP/8128 (UNICOS) and VAX/6620 (VMS) systems and could be adapted to other computer systems. The dot-plot representation of the RNA secondary structure was designed to implement on a IRIS-4D Series workstation and was written in the C programming language. The CRAY version of the program EFFOLD is vectorized and optimized, based on principles described in our previous paper (30) .
RESULTS AND DISCUSSION
To illustrate the utility of our algorithm, we folded 118 tRNAs, Group I self-splicing intron from the 26 S rRNA of Tetrahymena thermophila (TVS) and Escherichia coli (E.coli) 16 S rRNA (Accession number JO 1857 and Locus name ECORRD in GenBank Release 70.0). The sequences of 118 tRNAs (examined in our previous paper (10) , where modified bases were considered as corresponding standard bases) were taken from the GenBank database release 43 June 1986 and they are available on request. The folded IVS (18) is the intron (414 nt) plus 10 nucleotides (nt) of exon on both the 5' and 3' side (35) . The secondary structures were calculated based on the free energy data of the Turner energy rule (14) (15) (16) . In this study, a predicted structure was considered as a 'perfect cloverleaf structure if it contained four stems and the same structural feature as a classic cloverleaf structure deduced phylogenetically or from the crystal structure. In the simulation, 50 'simulated energy rules' were generated. The 'single best folding' predicted in the simulation is identical with the standard structure. The standard structure of the Group I intron of Tetrahymena thermophila 26 S rRNA is from Burke et al. (31) . The pseudoknot structure is not included in die standard structure. The standard structure of tRNA means the classic cloverleaf model. Numbers in parentheses are results computed by Zuker suboptimal folding program (MFOLD).
That is, it contained at least six, three, four and four base pairs in the acceptor stem, DHU (D) stem, anticodon stem and Ti/C stem, and two nt between the acceptor stem and D stem, and one nt between the D and anticodon stems.
Detailed analysis of predicted alternate structures of bombyx mori Ala-tRNA and FVS are summarized in Table 1 . In the simulation, 50 RNA secondary structures were computed by using 50 SER for these two sequences, respectively. For AlatRNA sequence, the mean and SD of the lowest free energies from the sample were -27.74 kcal/mol and 1.96 kcal/mol. however, the lowest free energy computed by the Turner energy rule was -27.30 kcal/mol. These 50 computed RNA secondary structures were classified into three groups (three alternative structures). Among them, 45 computed secondary structures were merged into the first group. The predicted alternative structure (see Fig. la) was the same as that computed by the Turner energy rule and was quite different from the classic cloverleaf structural model. The alternative structure was the most frequently recurring type in the simulation. Except one, the 44 computed structures were predicted to be within 1.96 SD level, where the free energy of the structure deviation from the mean free energy of the sample was less than 1.% SD.
In the second group all 4 members had the classic cloverleaf structure model (see Fig la) . The mean of the lowest free energies calculated for these 4 structures was -25.57 kcal/mol (-25.4 kcal/mol for the Turner energy rule) and fell within 1.96 SD. Among them, two structures were predicted to be within 0.75 SD level. The lowest free energy of the third alternative structure was -32.11 kcal/mol. This predicted structure was one of only 2 out of 50 computed structures not found within 1.96 SD level. Also, 13 diverse helical stems (including 47 base pairs) were detected in the perturbation of the free energy parameters. The acceptor stem, D stem, anticodon stem and T$C stem recurred at 8%, 96%, 8%, and 100%, respectively. It seems that the D stem and T*C stem are more stable than the other two stems in the dynamic folding of bombyx mori Ala-tRNA in the absence of tertiary and higher order interactions. The dot-plot representation of two alternative structures and possible base pairs are shown in Fig. lb .
Seven alternative structures that included 77 various helical stems were predicted for the FVS (see Fig. 2 for a dot-plot  representation) . The most frequently recurring structure predicted in the simulation was a 'single best folding' (31) and was the closest to known structural model of Group 1 IVS (34). Except for the pseudoknots in the established model, all phylogenetic helical stems could be found in the predicted model. This alternative structure occurred 14 times in the simulation. The mean free energy of the structures in the group was -115.12 kcal/mol. The alternative structure could be detected within 0.25 SD level. Among seven predicted alternative structures, one was identical with that derived by the Turner energy rule and could also be detected to be within 0.25 SD. In the simulation, 13 computed structures were merged into the alternative structure. The mean free energy of these 13 structures was -116.45 kcal/mol.
For the same tRNA sequence the results derived from Zuker suboptimal folding (MFOLD, distance parameter and energy window were chosen as 1 and 10%) revealed that one out of nine suboptimal structures predicted was a correct cloverleaf structure model. The computed, lowest free energy of the correct cloverleaf structure is -25.4 kcal/mol. The predicted suboptimal structure cannot be determined within a 5% free energy window (for convenience of comparison we selected a 10% free energy window throughout our tests in this paper). Twenty-one possible We also examined 118 tRNA sequences by our new program EFFOLD, MFOLD and NEWFOLD (38) . NEWFOLD is a refinement of the program FOLD (5) using a version of the Turner energy rule with penalties of asymmetric loops and internal loops closed by AU pair (39) . For the program NEWFOLD, 35% of the predicted lowest free energy structures are the same as classic phylogenetic model by using the Turner energy rule. In the calculation of EFFOLD, the same parameters used in the simulation of Ala-tRNA (see above) were employed through all 118 sequences. On the average, 88% of the base pairs in the established phylogenetic structure were found in these possible occurring helical stems. Both the EFFOLD and MFOLD methods show the same level (64%) of accuracy for predicting the 'single best folding' (31) in the alternative structure predictions. On the average, four and five alternative structures were predicted by EFFOLD and MFOLD, respectively. In comparison with the 'single optimal folding', the prediction of tRNA secondary structures is considerably improved (for both EFFOLD and MFOLD, the accuracy of the structural prediction was raised to 64% from an original 35% from the tested sample).
RNA folding simulations for E.coli 16 S rRNA were performed using six different samples with 25, 50, 75, 100, 150 and 200 different sets of perturbed energy parameters, respectively. The numbers of alternative structures predicted in these six simulations were 18, 28, 40, 41, 57 and 77. The 'single best folding' found in each simulation included 72% to 79% helixes of known phylogenetic structures (25, 26) . However, the optimal secondary structure predicted by MFOLD included 55% phylogenetic helixes. Also, 533, 698, 825, 894, 1263 and 1278 diverse helical stems that included 91% to 93% phylogenetic helixes in the known model were found in these alternative structure predictions, respectively. The dot-plot representations of these alternative structures and possible occurring base pairs predicted from the simulation (n=50) are depicted in Fig. 3 . However, MFOLD generated 179 suboptimal structures including 1366 different helical stems when the energy window and distance parameters were chosen 10% and 10, respectively. Both methods show the same level of accuracy for 'single best folding'. The major difference between predicted and phylogenetic structures was found in domain 3 (912 -1396). The helixes between nt 983-989 paired with 1224-1220; 1045-1047 with 1208-1210; 1049-1051 with 1205-1207; 1054-1056 with 1202-1204; 1057-1059 with 1196-1198; and 1062-1066 with 1188-1192, were replaced by neighboring base pairs in the prediction, (which are more stable relative to known phylogenetic helixes). Exceptional properties for this domain were also observed by Zuker et al. (31) . There is evidence for multiple protein interactions in this region (36) . It has been suggested that protein-dependent conformational changes in 16 S rRNA play an important role in the cooperativity of ribosome assembly (36) .
The procedure we have described here uses the dynamic programming algorithm of Zuker and Stiegler (5) 6 words of memory on the CRAY Y-MP/8128 system when M was selected as 50. The 28 alternative structures and 698 diverse helixes were predicted, which contained 91% phylogenetic helixes in the established structural model (25, 26) . Application of MFOLD on the same sequence expended about 2810 seconds and twice the size of memory as EFFOLD. However, MFOLD generated 179 alternative RNA secondary structures and 1366 helical stems that included 90% phylogenetic helixes. The significant reduction of the maximum memory used on the computer system enables us to fold a large RNA molecule or to derive a common RNA structure for a set of large RNA sequences, for example, HTV RNAs.
Regarding the algorithm, the main factors that influence the accuracy of structural predictions are the number M and a predetermined distribution for simulating the fluctuation of free energy parameters. In order to get a resonable sampling distribution of the secondary structures computed in the RNA folding process the sample size (M) must be large (M > 25). Extensive simulations of E.coli 16 S rRNA folding shows that the alternative RNA secondary structures predicted by perturbing free energy parameters are associated with the selected sample. More alternative structures are generated using a larger sample. In the case of the calculation of E.coli 16 S rRNA 28 alternative structures that contained 91 % phylogenetic helixes were predicted for M = 50. When the sample size was increased to 200, 77 alternative structures were predicted. However, the accuracy of prediction for phylogenetic helixes was only increased to 93 % from 91 %. This indicates that a sample size of 50 is a suitable value and one cannot expect to improve the structure prediction significantly by increasing sample size. An improvement in the simulation of perturbation of free energy parameters in a dynamic folding needs the accumulation of a large number of computational experiments. Further studies are necessary for the establishment of a precise distribution of the fluctuation of free energy parameters.
Extensive tests of the method show that fewer alternative structures are predicted in perturbing free energy parameters to get the same accuracy of prediction for phylogenetic helixes as compared with the prediction from MFOLD. A reduction in the number of predicted structures requiring examination by experimental methods or phylogenetic analysis is desirable. Indeed, MFOLD has parameters (i.e. energy and distance windows) that can be adjusted to give fewer suboptimal foldings. Theoretically, we can have a best choice to assure the reasonable accuracy and fewer predictions, however, it is difficult for users to select it in the performance. Also, the selection is dependent on the folded RNA sequence. Usually, a small energy window and large distance window give fewer predictions while the accuracy of prediction for phylogenetic helixes subsequently decreases. The parameters selected in MFOLD for the comparison are based on the published data (31) .
In our RNA folding simulation, each computed structure is the lowest free energy structure corresponding to a specified SER. These predicted structures can be evaluated using the energy distribution generated in the simulation. The energy distribution of the lowest free energy structures follows a normal distribution approximately. One can expect that 95% structures computed by fluctuating free energy parameters would likely occur within 1.96 SD level. Thus, the frequently recurring helical stems (ratio > 0.05) or an alternative structure predicted within 1.96 SD level can be considered as thermodynamically favored in the dynamic folding simulation. Such information is useful to refine a RNA structure when the real structure is unknown and if phylogenetic data are not available or are uninformative. These occurring stems predicted in the simulation can be used to construct common RNA structures by means of the multiple sequence alignment for a set of homologous sequences. Recently, we developed a method (32, 33) that was designed for assessing unusual folding regions in RNAs. The present method should be useful in predictions of detailed structures for these unusual RNA folding regions.
